The most common method of biodiesel production is base catalyzed transesterification where alkaline materials, such as potassium hydroxide, are used as a catalyst. This paper presents a study of factors affecting biodiesel production from low free fatty acids (FFA) content waste vegetable oil through base catalyzed transesterification as well as the optimum reaction conditions. The optimum conditions were found to be a time of 60 min, catalyst loading of 1% of oil mass, mixing speed of 400 rpm and temperature of 65 °C. It also introduces a kinetic study of this reaction to determine the best model to fit the experimental data. First order model was found to be the best one to fit the early reaction stages while the second order model was the best to describe reaction kinetics in later stages. The stability of produced biodiesel was studied through determination of acid value and viscosity of stored biodiesel along three months.
Introduction
Biodiesel is an alternative liquid biofuel for petro-diesel [1] consisting of mixture of methyl or ethyl esters [2] . It is produced through an organic reaction called transesterification where low molecular weight alcohole.g. methanol or ethanol-reacts with lipid or fat (triglyceride) to produce biodiesel -fatty acid methyl ester (FAME) or fatty acid ethyl ester (FAEE) -and glycerol as a valuable byproduct [3] . Transesterification can occur catalytically or without catalyst [4, 5] . Catalysts currently used in transesterification process are homogeneous base or acid catalysts [6] , heterogeneous catalysts [7] , acid [8] or base [9] and enzymes [10, 11] . Hydrodynamic cavitation technology is a new method, under research, for biodiesel production in presence of catalyst has the advantage of achieving complete conversion in a short reaction time [12, 13] . Non-catalytic transesterification can be done in presence of co-solvent such as tetrahydrofuran (THF) [14] or at supercritical conditions (e.g. high pressure up to 35 MPa and high temperatures up to 250-300 °C) [15] .
Homogeneous base-catalyzed transesterification involves reaction of oil e.g. vegetable oil [16] , waste vegetable oil [17] , non-edible oils [18] such as jatropha oil [19] and oil extracted from algae [20] with alcohol using base catalyst such as sodium hydroxide [21] or potassium hydroxide [22] to produce biodiesel and a valuable byproduct glycerin used in making cosmetics, pharmaceuticals and other valuable products [23] . The resulting products are then further processed (after using gravity separation). Distillation is applied for both ester layer and glycerol layer to recover unreacted methanol [24, 25] . Washing with water is performed to clean biodiesel from impurities such as soap and catalyst traces [26] . Base catalyst present in glycerol layer is neutralized with mineral acid (e.g. phosphoric acid) to produce a valuable product that is removed and used as a fertilizer.
It is the most used method due to economic aspects since it requires low temperatures and pressures, reaches over 98 % conversion [27] (but this requires low moisture and free fatty acids in the oil) and produces biodiesel directly without any intermediate products [28] . Also, it does not need special materials of construction of equipment used [29] .
On the other hand it has some limitations [30] as it is sensitive to free fatty acids (FFA) content of the feedstock oil. If the FFA content is greater than 2 wt% of oil, this will lead to increase saponification that lowers catalyst efficiency and makes reaction medium more viscous. Soap formation favors gel formation which makes the separation of byproduct glycerol difficult. Another limitation is moisture content as the presence of water favors hydrolysis of the produced ester as well as soap formation [31] .
The aim of this paper is to study the factors affecting biodiesel production (i.e. temperature, catalyst loading wt%, time and agitation speed) from low FFA content waste vegetable oil WVO and introduces an optimization of these factors to obtain the maximum oil conversion. Another aim of this paper is to study the kinetics of WVO transesterification through homogeneous base catalyzed process to obtain the best kinetic model that fits the experimental data. After producing biodiesel at the optimum conditions the product stability over storage was studied.
Experimental Methods

Materials
In this study a commercially waste vegetable oil mixture of (soybean and sunflower) having the properties shown in Table 1 was used. 
Transesterification Reaction
The transesterification was carried out in 500 mL reaction flasks equipped with condenser, magnetic stirrer and thermometer. The transesterification process was studied using four catalyst loadings 0.2%, 1.0%, 1.5% and 2.0% KOH, wt%, and the same loadings were used for NaOH, five reaction temperatures 65, 60, 55, 50 and 35 °C and one alcoholto-oil molar ratio 6:1 for each type of alcohol was used during the study at a reaction time of 7.5 min to 1.5 h. The catalyst was dissolved into methanol, one hundred grams of the oil was introduced into the reaction flask. After the appropriate temperature was reached, (KOH or NaOH) previously dissolved in alcohol was added and the mixture was continuously stirred at 400 rpm (also the agitation speed was changed from zero rpm to 800 rpm) by means of a magnetic stirrer. After the preestablished time, the mixture was carefully transferred to a separating funnel and allowed to stand there overnight. The lower layer which contains glycerol, methanol and most of the catalysts was drained out. The upper layer, methyl esters, some methanol and traces of the catalyst, was then cleaned thoroughly by heating up to 105 °C in order to remove unreacted methanol and then filtered to remove any suspended solids.
Percentage conversion was estimated by weighing the produced glycerol and dividing this value by the theoretical glycerol mass obtained after complete conversion [32, 33] as illustrated in Eq. (1) . At complete conversion of one mole of oil one mole of glycerol is produced. On mass basis, each 100 g of oil produce about 10 g of glycerol.
(%) = * 100%
(1)
The oil conversion and the produced biodiesel purity as well as its fatty acids methyl ester composition were characterized using Agilent HP 6890 GC system equipped with flame ionization detector FID. The column used was hp 5 column type of 30 meter length and 0.5 mm internal diameter. It was found that the concentration of partial glycerides was too small and negligible. In addition, the results obtained from GC analysis match those obtained from weighing the produced glycerol and using Eq.(1).
Reaction Kinetics
Kinetics of base catalyzed WVO transesterification was studied at four different temperatures. Six power law models were suggested to describe the reaction kinetics. The first three models were based on the assumption that the reaction is not reversible due to introducing methanol in high excess -i.e. 100% excess-while the other models took into consideration the reversibility of the reaction. The mechanism of homogeneous base catalyzed transesterification is illustrated below. Overall reaction:
As observed from previous experiments and studies, the concentrations of partial glycerides -i.e. monoglycerides MG and diglycerides DG-were almost constant and negligible compared to other substances -i.e. methanol MA, oil TG, methyl esters FAME and glycerol GL-inside reaction medium along reaction time which indicates that these intermediate steps are fast. According to the previous observation the overall reaction was considered the only step to represent the transesterification reaction and to be used in kinetics calculations [34, 35] . After calculations, the applicability and reliability of these assumptions were examined using different statistical tests.
The reaction rate (r) may be mathematically presented as in Eq.(2):
Calculation of determination coefficient (R 2 ) and using minimization of squared error summation method were used to determine which model is the best one to fit the experimental data.
Irreversible Models
In this part of the kinetic study, methanol concentration was considered to be constant due to its use in high excess so the general rate (r) equation will be:
where,
Another assumption was suggested in this section that the reaction is not reversible due to excess methanol introduced to reaction medium which shifts the reaction to the forward direction.
1-
Second order in triglyceride concentration
On assuming that the concentration of methanol changes with time, Eq.(5) can be obtained:
In the case of irreversible first order model natural logarithm of triglyceride concentration was plotted versus reaction time to obtain the rate constant while in second order model case the plot was between the inverse of triglyceride concentration and reaction time.
Another method was employed to obtain the constant of kinetic model presented in equation 4 where average rate was plotted versus [ ] * [ ] 3 .
Reversible Models
In this part, the first assumption in the previous part is the only valid one while the other assumption about the irreversibility is not. So the forms of suggested rate equation will be:
order in triglyceride concentration
On assuming that the concentration of methanol changes with time, Eq.(6) can be obtained:
Least squares method with the aid of Polymath 6.0 software for curve fitting and data plotting [36] were used to obtain the parameters of each suggested model in this part.
Activation Energies and Pre-exponential Factors
To calculate the activation energies and pre exponential factors of each constant of best model rate equation the experimental data obtained at temperatures 55 °C, 50 °C and 35 °C should be fitted to this kinetic model. Activation energies and pre exponential factors can be calculated graphically by plotting the natural logarithm of the rate constant versus the inverse of reaction temperature in Kelvin. Each plot can be fitted to a straight line its slope equals (-E/R), where E is the activation energy and R is the universal gas constant, while the intercept with y-axis is the natural logarithm of pre exponential factor.
Characterization of Produced Biodiesel
The produced biodiesel was characterized using standard ASTM methods for each property to be tested. Fractions of the produced methyl esters were characterized using Agilent HP 6890 GC system equipped with flame ionization detector FID. The column used was hp 5 column type.
Aniline point was characterized to give an estimation of the cetane number of produced biodiesel using the following relation:
where D.I. is the diesel index of produced biodiesel and A.P.I is a measure of its specific gravity;
These two properties -aniline point and D.I. -are good indicators to cetane number of biodiesel. They are used due to the difficulty of measuring cetane number directly. Following is a simple relation that can be used to estimate cetane number C.N. using diesel index.
. . = 0.72 * . . +10 (9)
Product Stability
In the part of studying biodiesel stability, acid value and viscosity of produced biodiesel are measured along three months as indicators of stability. When these values highly change this means that biodiesel is at low stability and it should be further processed and purified to increase its stability and to match ASTM standards.
Each week over storage period acid value and viscosity tests are done to study biodiesel stability; acid value test was carried out by titrating one gram of biodiesel in 25 mL ethanol by KOH 0.1 N using phenolphthalein as indicator, then we can calculate the acid value A.V. from the following relation,
. . = ( − ) * * . . (10) where V and Vb are the volumes of 0.1 N KOH needed for titration in mL for both the oil sample and blank sample, N is the normality of KOH which equals about 0.1 geqL -1 , Eq.wt is the equivalent weight of KOH = 56.1 and WFAME is the biodiesel sample mass in g.
Viscosity was tested using a capillary tube viscometer. Measuring viscosity using this viscometer is done by measuring the flow time of the fluid. It should be noticed that the measured flow time should be ≥ 50 seconds to have accurate results.
Results and Discussion
Transesterification Optimum Conditions
The effect of operating conditions on alkaline catalyzed transesterification of soybean and sunflower waste vegetable oil mixture was investigated taking into consideration to achieve maximum yield of biodiesel.
Effect of Catalyst on WVO Transesterification
The effect of KOH and NaOH loadings on the methyl ester conversion was studied in the range of 0.2 to 2 wt% (of initial oil weight), at 65 ± 1 °C, 60 min and 6:1 molar ratio. Results are shown in Fig. 1 ; it may be observed that the yield of the methyl esters was the highest at 1% catalyst loading, and then decreased as the catalyst loading was increased.
On using catalyst loadings higher than 1 wt%, the yield decreased and resulted in no clear separation during settling, while during washing with warm de-ionized water more soap was observed due to presence of excess catalyst which favors saponification process.
On the other hand using KOH gives higher yield than NaOH which favors soap formation. So KOH is preferred as alkaline catalyst. 
Effect of Reaction Temperature on WVO Transesterification
Higher temperatures decrease the time required to reach maximum conversion [37] . Transesterification can be conducted at various temperatures ranging from room temperature to the boiling point of the alcohol employed (65 °C in case of methanol) so that the reactor does not need to be pressurized [29] . Thus, the usual temperature used during transesterification in most literature ranges from 60 °C to 65 °C. When the reaction temperature closes or exceeds the boiling point of methanol (65 °C), the methanol will vaporize and form a large number of bubbles which may inhibit the reaction [38] .
Many studies were done to determine the optimum reaction temperature, Refaat [39] reported an optimum temperature of 65 °C, while Meng et al. [38] reported 50 °C as the optimum temperature. After this study it was observed that the optimum temperature for the reaction is 65 °C which can be illustrated in Fig. 2. 
Effect of Reaction Time on WVO Transesterification
Reaction time in this study was investigated using the optimal parameters obtained in the previous sections. Several investigators found that the transesterification reaction starts very fast and almost 80% of the conversion takes place in the first 30 min and after 1 h, almost 93-98% conversion of the triglycerides into ester takes place [40, 41] . In the present work, the effect of reaction time from 7.5 min to 3 h on the reaction yield was studied. Fig. 3 shows the conversion profile along reaction time. It is clear that the conversion was lower for shorter times and increased as the time was increased to 1 h, increasing the reaction time to beyond one hour no noticeable change in the yield was detected, the ester yield changed slightly. 
Effect of Alcohol Type on WVO Transesterification
As mentioned before different types of alcohols were used to find out the optimum type for transesterification. All reactions were held at temperature of 65 °C. Table 2 summarizes the comments on using each type. Higher molecular weight alcohols act as co-solvents for both produced alkyl ester and glycerol. Due to this fact, separation of different phases becomes difficult on using heavier alcohols than methanol. From the previous table it may be observed that methanol is the best alcohol can be used for biodiesel production.
Effect of Agitation Speed on WVO Transesterification
Since this reaction can only occur in the interfacial region between the liquids and also due to the fact that fats and alcohols are not totally miscible, transesterification is a relatively slow process. As a result, agitation is required to increase the area of contact between the two immiscible phases [42] .
The agitation intensity appears to be of a particular importance for the alcoholysis process. The mass transfer of triglycerides from the oil phase towards the methanol-oil interface could be a critical step limiting the rate of alcoholysis reaction because the reaction mixture is heterogeneous, consisting of two immiscible phases. Poor mass transfer between two phases in the initial phase of the reaction results in a slow reaction rate, and consequently the reaction will be controlled by mass transfer [43] . Therefore, decrease in agitation intensity is expected to alter the kinetics of the transesterification reaction [39] . Using the optimum conditions from the previous sections, optimum agitation speed was investigated by carrying out the reaction at different speeds from zero rpm to 800 rpm. It was observed that at no or relatively low agitation speeds there was no noticeable conversion. On the other hand, higher agitation speed (above 500 rpm) lowers biodiesel production due to soap formation which increases with increasing agitation speed. The optimum agitation speed was found to be within the range of 400 rpm to 500 rpm.
Kinetic Modeling
Many researchers studied transesterification reactions kinetics intensively [44] [45] [46] . The main concern of these studies is to obtain a reasonable reaction rate expression in order to have a proper design for a reactor its aim is the production of biodiesel. When the transesterification reaction is catalyzed by a homogeneous catalyst like KOH, the reaction rate can take the power law form such as first and second order [47] . It should be noticed that, development of reaction rate equation is done based on reaction mechanism as well as the controlling step of this reaction [48] .
Some studies suggested that the transesterification of soybean oil using homogeneous catalyst can follow a second order rate equation [43, [49] [50] [51] . While, Darnoko and Cheryan [52] observed that the reaction followed second order rate model in the early stages of reaction and then in latter stages it obeyed first order model adequately. All these works were based on the assumption of kinetically controlled reaction and that there are no side reactions [53] . In their research studies, Noureddini and Zhu, [43] , Bambase et al. [49] , and Darnoko and Cheryan [66] selected the step of triglyceride conversion to diglyceride as controlling step while Karmee et al. [50] suggested the conversion of diglyceride to monoglyceride as determining step and Vicente et al. [51] selected conversion of monoglycerides to glycerol reaction as being the controlling step. Recently, as mentioned before in section 2.3., transesterification kinetics are being studied on the basis of the overall reaction for time saving and simplification of calculations [34] [35] , this is what had been done through the present study and this method gave good results as will be shown.
Reactions took place at constant agitation speed of 400 rpm, molar ratio of 6:1 and catalyst loading of 1% of the original weight of WVO at four different temperatures 65, 55, 50 and 35 °C. Conversions at different temperatures are plotted against time in Fig. 4 . As mentioned before, six power law models were suggested to describe the base catalyzed transesterification of WVO.
Irreversible Kinetic Models
After plotting the data obtained at 65 °C according to different casese.g. first order and second order cases-, Eqs. (11) and (12) 
Graphs of concentrations of both oil and biodiesel against reaction time for these two models are illustrated in Figs. 5 and 6.
Determination coefficient R 2 for both first and second order irreversible models are about 0.8 and 0.94 respectively. It may be observed that at the first reaction stages the first order model offers good fitting while at later stages data can be fitted to second order irreversible model. In the case of irreversible model with variable methanol concentration the formula of rate equation take the form presented in Eq.(13).
Graph of concentrations of both oil and biodiesel against reaction time for this model is illustrated in Fig. 7 . Determination coefficient R 2 for model is about 0.8. As shown in Fig. 7 , this model may introduce a good fit but still the first order model introduce the best fit in the first reaction stages while the second order model is the best one to describe the later stages.
Reversible Kinetic Models
Eqs. (14, 15) represent the obtained reversible first and second order kinetic models while Figs. 5 and 6 display the results of these models. 
Determination coefficients of these models are 0.95 and 0.6. This result indicates the poor fitting of second order reversible model which is also obvious from Fig. 9 . First order reversible model may introduce a good fit for the experimental data. However, on comparing the results in Fig. 8 with those in Figs. 5 and 6 , it can be observed that first order model still can represent the kinetics of early reaction stages while the second order irreversible model can describe the later stages of the reaction adequately. Based on these observations, more tests should be performed to select the best kinetic model. The last generated model in this part is the one that takes into consideration the change of methanol concentration along reaction time. The mathematical statement that represents this model is shown in Eq.(16). 
Unfortunately, this model introduces an inadequate and poor fitting as illustrated in Fig. 10 , so it cannot be used to describe the reaction kinetics. 
Selection of Best Available Model
As observed there is more than one model can fit the experimental data as well as having high determination coefficients, so additional methods should be employed to select the best model to describe the kinetics of WVO transesterification. One of the most used methods used is the minimization of squared errors summation. It may be noticed from the previous figures that there are models that can fit the observed data at the early stages of WVO transesterification while others can describe the later stages, so the comparison between squared errors summation will be divided into two section one for the first stages while the other one is for the late stages. Tables 3 and 4 summarize the results of these comparisons. It should be noted that the error is equal to the difference between the predicted or calculated value of biodiesel concentration and the observed or experimental one.
From Tables 3 and 4 , it may be concluded that the best model to describe the early stages of WVO homogeneous base catalyzed transesterification is the first order irreversible model. On the other hand, irreversible second order model is the best model to fit observed data at the reaction late stages. 
Activation Energies and Pre Exponential Factors
Different values of rate constants at different temperatures are illustrated in Table 5 . Figs. 11 and 12 illustrate the plots of the natural logarithm of each rate constant versus the inverse of reaction temperature in Kelvin. Table 6 summarizes the findings obtained from this part. 
Characterization of Produced Biodiesel
The properties of produced biodiesel are shown in Table 7 . Chemical composition of the produced biodiesel is illustrated in Table 8 . 
Produced Biodiesel Stability
The duration of this study was limited to three months. During these three months acid value and viscosity of the stored samples were determined as indicators for biodiesel stability.
Acid value
Degradation of biodiesel quality is reflected by change in acid value mg KOH/g of biodiesel. The changes of acid value during storage period are presented in Fig. 13 . From this figure we can see that the rate of degradation during the first two weeks is small as the ambient temperature was around 18 °C and did not change noticeably, also in the period between 4 th and 7 th week. However, in the period between 2 nd and 4 th week degradation was more rapid as the change in ambient temperature was relatively high, it reaches about 32 °C, and the same problem happened in the period between 7 th and 9 th week as the ambient temperature reaches 40 °C, storage period was from February to May.
Other researchers studied biodiesel stability and its blends with petro diesel. Chakraborty and Baruah [54] tested biodiesel acid value during storage and they found out that identical rate of increase in acid value is observed in case of three samples viz., B100, B30 and B20 up to 8 th week of storage. Rate of increase in acid value of neat biodiesel (B100) accelerates after 8 th week of storage. The rates of increase in acid value of B5 and B10 during storage are lesser than the remaining three samples. During storage, the esters are first oxidized to form peroxides, which then undergo complex reaction including a split into more reactive aldehydes which further oxidize into acids, and thus increase in the acid value [55] . However, hydrolysis of ester into alcohol and acids by the traces of water present in samples is also thought to increase acid value [55] . The higher acid value exhibited by the blends (B20 and B30) could be attributed to differences in magnitude of hydrolysis reaction due to the presence of higher concentration of biodiesel in diesel [56] .
Viscosity
Viscosity of sample was determined over the storage period, the changes of viscosity samples during storage period are presented in Fig. 14. As shown in the figure the viscosity increased during the first week and this could be due to evaporation of residual methanol that was not removed during drying. However, during the next weeks viscosity decreased and that may happened as a result of residual oil oxidation with different mechanisms which produced shorter chain compounds such as shorter fatty acids, resulting in acid value increase during storage, as well as aldehydes and ketones. Similar observations, i.e. increase of the acid value and decrease of viscosity of the stored samples, were detected by Polczmann et al. [57] . It should be noted that oxidation is enhanced by light exposure, presence of metals and temperature increase.
Chakraborty and Baruah [54] studied the viscosity of biodiesel and its blends with petro diesel and they found that in general, viscosity values of all the samples increased with time of storage and this might be attributed to the oxidation process. Further, it is also noticed that except the 12 th week old B100 sample, viscosity values of all other samples remain within the limit of ASTM D 6751 6 mm 2 s -1 ). The rates of increase in viscosity during storage up to 12 weeks are found to vary amongst the samples. Neat biodiesel (B100), with an increase from 5.17 mm 2 s -1 to 6.2 mm 2 s -1 , during the 12 weeks, exhibits lesser rate of increase compared to blended samples. Evidence of formation of insoluble products due to interaction of biodiesel and petro diesel is reported elsewhere. Possible chemical reaction and formation of products during interaction of biodiesel and petro diesel might be the reason of varying rates of increase in viscosity amongst the samples in their study.
Recommendations from the Experimental Phase to be Applied in the Phase of Process Design
It is recommended that oil residues should be eliminated. Washing of biodiesel should be done to remove any contaminations, then elimination of any suspended water droplets after washing to avoid hydrolysis. Storage tank of biodiesel should be insulated with good insulation to avoid the effect of ambient conditions on the stored biodiesel. To increase biodiesel oxidation stability, some additives should be added to the stored quantity of biodiesel like (six phenolic antioxidants viz. Vitamin E (α-tocopherol), butylated hydroxyanisole (BHA), pyrogallol (PY), propyl gallate (PG), dibutylated hydroxytoluene (BHT) and tert-butyl hydroxyquinone (TBHQ) with percentage of 1 wt% of biodiesel [54, 58] .
Conclusion
From the above investigations it may be concluded that the optimum conditions for biodiesel production from WVO through base catalyzed transesterification, using methanol as an alcohol and KOH as alkaline catalyst, are (60 min, 1 wt% catalyst loading, 65 °C and 400 rpm). The kinetics of this reaction can be described by irreversible first order model in the early stages while later stages can be adequately fitted to irreversible second order model. To avoid the change of acid value and viscosity of produced biodiesel and to enhance its stability along storage period, some actions should be taken such as removal of oil contaminations, good insulation of storage tanks and the addition of some additives like (TBHQ) to decrease biodiesel oxidation and degradation. 
